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B S Nielsen, N Borregaard, J R Bundgaard, S Timshel, M Sehested, L Kjeldsen Abstract In inflammatory and neoplastic disorders of the colon a defect barrier function of the mucosa may result in absorption of bacterial products from the intestinal lumen. These products may further recruit inflammatory cells and thus augment the inflammatory response. A novel lipocalin in neutrophils, neutrophil gelatinase associated lipocalin (NGAL), with the ability to bind bacterial formylpeptides, has been described and therefore it is of interest to investigate the expression of this protein in diseases of the colon. Expression of NGAL was investigated by immunohistochemistry and by mRNA in situ hybridisation in normal colon and in neoplastic and inflammatory colorectal diseases. A very high expression of NGAL was seen in colonic epithelium in areas of inflammation, both in non-malignant epithelium (diverticulitis, inflammatory bowel disease, and appendicitis) as well as in premalignant and malignant neoplastic lesions of the colon. In adenocarcinoma, the NGAL expression was especially abundant in the transitional mucosa and in the superficial ulcerated area. On the other hand, no NGAL expression could be detected in lymph node metastases from these adenocarcinomas. A weak expression of NGAL in some epithelial cells was only occasionally seen in normal colon. In conclusion, NGAL synthesis is induced in For optimal fixation of tissue for immunohistochemistry, specimens were fixed for only one hour in 4% phosphate buffered formalin followed by ethanol dehydration/fixation and paraffin wax embedding. Prolonged fixation of specimens caused loss of NGAL immunoreactivity. These short-term fixed specimens completely lacked detectable mRNA, however, as determined by in situ hybridisation with a 28'mer thymidine probe for the poly-A tail of mRNAs (see later). On the other hand, there was a strong mRNA signal in 24 hour formalin fixed specimens using the poly-T probe. Similar findings with absence of in situ hybridisation signal in ethanol fixed specimens but increased mRNA signal and reduced inmmunoreactivity after prolonged formalin fixation have been described by Urieli-Shoval et al. 30 For optimal fixation of tissues for in situ hybridisation specimens were therefore fixed for 24 hours in 4% phosphate buffered formalin and subsequently embedded in paraffin wax.
Immunohistochemistry
Five ,um sections were cut and air dried overnight. Paraffin wax was dissolved in 60°C cocoa oil for 20 minutes and sections were then hydrated through decreasing concentrations of ethanol. Sections were trypsinised (0.05% trypsin (Merck, Darmstadt, Germany)) in 50 mM TRIS, 0.1% CaCl2 (w/v), pH 74, followed by blocking using 10% normal swine serum (X-901, Dako, Glostrup, Denmark).
Incubation of affinity purified polyclonal rabbit anti-NGAL antibodies (0 5 mg/m122) was performed at 500 to 2000-fold dilution in TRIS buffered saline (TBS), pH 7-6, containing 0-25% bovine serum albumin (BSA). Sections were incubated at 40C overnight followed by incubation at room temperature for an additional 30 to 60 minutes. Primary antibodies were detected by biotinylated swine antirabbit immunoglobulin antibodies followed by incubation with the ABComplex/HRP (according to instructions given in the ABC kit from Dako).
All steps were followed by three washes in TBS. Sections were developed with 3-amino-9-ethylcarbazol (Sigma Chemical, St Louis, MO) for 10 minutes and counterstained with haematoxylin. Pre-immune rabbit IgG (Dako, X-903) was used as a negative control. In addition, absorbed anti-NGAL (adding 10-fold molar excess of purified NGAL to the anti-NGAL antibodies) was used as a control of the specificity of the reaction.
In situ hybridisation NGAL cDNA was subcloned in pBluescript (Stratagene) and sequenced as described.23 Antisense 
Results

Expression ofNGAL in colorectal neoplasia
Immunohistochemistry -in all 14 cases of adenocarcinoma an intense staining was seen in both normal and malignant epithelial cells in the transitional mucosa, and in the malignant epithelial cells just below the ulcer (Fig  1 a) . No or very few epithelial cells were positive in the adjacent normal appearing epithelium of the same specimens and in the invasive area of the tumour. Intense NGAL immunostaining was seen in all neutrophils as expected. These were found located in vessels and as tissue infiltrating neutrophils in the tumour and in the ulcer (Fig 1 a) .
In situ hybridisation was performed on 11 of 14 tumours investigated by immunohistochemistry. These samples also contained both normal and malignant epithelium, but differed from the samples used for immunohistochemistry in the fixation procedure (see Methods). A strong in situ hybridisation signal was seen in 10 of 1 1 cases (Table and Fig lb  and le) . In these 10 cases, hybridisation was confined to epithelial cells localised to a pattern identical to the pattern seen by immunohistochemistry -that is, in cancer cells below the ulcer (Fig lb) and in normal and malignant cells in the transitional mucosa (Fig 1 e) . In contrast with the immunohistochemical localisation, no in situ hybridisation signal was seen in any neutrophils. Cancer cells located in the deeper part of the tumour and at the invasive front were usually negative. At a distance of up to 1 cm from the tumour a few crypts of the normal epithelium were weakly positive in some ofthe cases. Furthermore, we investigated three lymph node metastases, which were obtained from specimens from patients with NGAL expressing primary tumours. These were all negative. In colonic adenomas, NGAL mRNA expression was seen only in the epithelial cells on the luminal surface of the lesions (Fig if) .
Expression ofNGAL mRNA in various inflammatory diseases of colon and in appendicitis The epithelial cells of virtually all specimens of diverticulitis (Fig 2a and 2b) , ulcerative colitis (Fig 2c and 2d) , and inflamed specimens of Crohn's disease (even with low grade inflammation as seen in Fig 2e and 2f) showed strong NGAL expression (Table) . On the other hand, all epithelial cells of unaffected colorectal specimens from these patients with inflammatory bowel disease or diverticulitis were negative for NGAL expression (not shown). No signal was seen in infiltrating neutrophils.
A strong signal was seen in the epithelial cells in all the inflamed appendixes investigated (Table, Fig 2g) .
Expression ofNGAL mRNA in normal colon and appendicitis NGAL mRNA was detected at a low level in crypts of four of 14 cases of histologically normal colonic epithelium from patients with inflammatory bowel disease or colorectal cancer, and in four of nine cases of normal appendix (Table) . No differences regarding cellular infiltration were seen in the positive specimens compared with the negative ones. Scattered neutrophils present in normal colon were strongly positive by immunohistochemistry, but negative by in situ hybridisation. In addition, mast cells were positive by immunohistochemistry, but stained much weaker than neutrophils.
Control experiments
As negative controls in immunohistochemistry we used pre-immune rabbit IgG or absorbed antibodies (see Methods). No signal was seen showing that no unspecific binding of primary antibodies occurred and that endogenous peroxidase activity was blocked (Fig 1 c) . As a negative control for the in situ hybridisation, we applied the antisense and the sense probe on adjacent sections. The sense probe was always negative (Fig 1d) . (a) , ulcer marked by (u)). In addition, neutrophils present in the ulcer and in the stroma (small arrows) are strongly stained. The reactivity of the staining is specific as shown in (c), which shows lack ofstaining, when preimmune rabbit antibodies were applied in an adjacent section to (a). Cancer cels below the ulcer were also strongly stained by mRNA in situ hybridisation (arrows in (b)). In addition, cancer cells in the transitional mucosa were positive (arrow in (e)). No in situ hybridisation signal is seen in adjacent normal (n) appearing epithelium in epithelium is local, as it is seen in the affected tissue only. Furthermore, the induction is not specific for any particular colorectal disease but seems to be a response to inflammation in general, as inflammation is a common feature of inflammatory bowel disease, diverticulitis, appendicitis, and adenocarcinoma of the colon. 29 and could therefore serve a function in the colonic epithelium as a scavenger of'bacterial products that would otherwise traverse the epithelium and further recruit both macrophages and neutrophils (Fig 3) . In this context it is interesting to note that CAIJA (common acute lymphoblastic leukaemia antigen), a neutral endopeptidase, has also been shown to be induced in epithelial cells as a result of inflammation.37 Neutral endopeptidase is known to hydrolyse a variety of physiologically active peptides including FMLP.38 This shows that NGAL and neutral endopeptidase might act in concert to inactivate bacterial formyl-peptides. The passage of lipopolysaccharide over the epithelial lining is a well known stimulus for macrophages to produce ILl116 and TNFot,4 which are central mediators in the inflammatory reaction. The binding by NGAL of lipopolysaccharide would therefore be an effective means of downregulating the inflammatory reaction (Fig 3) .
We conclude that induction of NGAL synthesis is an important cellular response to inflammation in colon epithelium. 
